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Over the last decade, public concern has increased regarding temperature-related mortality worldwide, and numerous studies have found that extreme temperatures are related to increased mortality (1) (2) (3) (4) (5) . More recently, as climate change is observed and projected, the focus has moved to the temporal changes in the temperature-mortality association (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The degree to which populations change their health response to temperature is a crucial research question with respect to climate change. Some previous studies investigated the temporal change by dividing the study period into a few blocks of time (9) (10) (11) (12) , which limits the ability to examine a continuous pattern of change over time. Alternatively, other studies assumed linearity in the change over time (6) (7) (8) , although the change could be nonlinear. In the context of climate change, investigating the potentially nonlinear change pattern in temperature-related mortality continuously is crucial because it allows for more accurate projections of the health effects of climate change.
Moreover, most previous literature addressing temporal change focused on the attenuation of the heat-related mortality (6, 9, (11) (12) (13) . Fewer studies examined how populations' response to cold weather has changed over time (10, (14) (15) (16) (17) . This may be partly because previous literature reported that cold-related mortality will be of less concern-that climate change would reduce excess winter death with global warming (18) (19) (20) . However, in more recent studies, investigators have found that the association between cold and mortality has changed over time, and there will be little impact of climate change on cold-related mortality (21) (22) (23) (24) (25) . In addition, the majority of previous studies were conducted in the United States (6, (8) (9) (10) 12) or Europe (13) (14) (15) (16) (17) . Results in Western countries may not be applicable to Asian regions because of numerous factors (e.g., climate, economic status, housing condition, activity patterns, nutrition, and healthcare systems) that could vary the association between weather stressors and mortality.
The present study examines how weather-related mortality has varied over time. We estimated the time-varying mortality associated with extreme (both cold and hot) temperature for 15 cities in 3 high-income countries in Northeast Asia. To capture the time-varying change (potentially nonlinear), we used a generalized linear model with splines. This method allows for a nonlinear association between temperature and mortality and simultaneously a nonlinear change in this association over time. We estimated the time-varying association between extreme temperatures and mortality for each city and then combine these estimates to generate country-specific estimates using a Bayesian hierarchical approach. We examined how the cold-and heat-related mortality changed over time by age group (<65 years, 65-75 years, and >75 years) and cause of death (cardiovascular (CVD), respiratory, and other causes).
METHODS

Data
This study included data from 1994-2007 from 3 cities in Taiwan (Taipei, Taichung, and Kaohsiung), data from 1992-2010 from 6 cities in Korea (Seoul, Incheon, Daejeon, Daegu, Gwangju, and Busan), and data from 1972-2009 from 6 cities in Japan (Sapporo, Sendai, Tokyo, Nagoya, Osaka, and Kitakyushu). Daily mortality counts for each city were obtained from the National Death Registry of Taiwan, Statistics Korea, and the Ministry of Health, Labor, and Welfare of Japan. We defined all-cause mortality with the exclusion of accidental causes. We counted 2 cause-specific mortalities (CVD and respiratory) and noncardiorespiratory mortality. CVD mortality was defined by International Classification of Diseases, Eighth Revision (ICD-8), codes 390-458; International Classification of Diseases, Ninth Revision (ICD-9), codes 390-459; and International Classification of Diseases, Tenth Revision (ICD-10), codes I00-I99. Respiratory mortality was defined by ICD-8 codes 460-519, ICD-9 codes 460-519, and ICD-10 codes J00-J99. Mortality counts were also stratified into 3 age groups (<65 years, 65-75 years, and >75 years). Weather variables were obtained from Taiwan Environmental Protection Administration, Korea Meteorological Administration, and Japan Meteorological Agency. They include daily mean temperature (°C), daily mean pressure in hectopascals (hPa), and daily mean relative humidity (%). Hourly data were originally measured at various monitoring sites in each city, and 24-hour averages were calculated across all monitors for each city. Finally, a daily indicator variable for influenza epidemics was created, taking the value 1 if the moving average of the daily number of influenza deaths per 1,000 allcause deaths over the previous week was ≥1 and 0 otherwise.
Statistical analysis
First, we examined the change over time in extreme temperature-related mortality sequentially by dividing the data of the whole study period into 5-year time frames with the starting year increased by 1. For each city in Japan, the first subperiod is 1972-1976, the second is 1973-1977, and so on, and the last is 2005-2009 (i.e., 34 serial subperiod data sets). Similarly, we obtained 15 and 10 serial subperiod data sets for each city in Korea and Taiwan, respectively. For each city and each 5-year subperiod, we estimated the cold-and heat-related mortality with the following generalized linear model (model 1) with splines as used in previous work (4): where Y t is the death count on day t, λ t is the expected death count on day t, β 0 is an intercept, Temp t is a temperature metric on day t, Time t is a variable representing time on day t, Hum t is the daily mean relative humidity on day t, Press t is the daily mean air pressure on day t, and ns( ) stands for natural cubic splines to model nonlinear associations with covariates. For the temperature metric, we used 7-day (for cold) and 2-day (for heat) moving averages of daily mean temperature, as in a previous study (4) , in each of the separate models for cold-and heat-related mortality. Using results from model 1, we defined the cold-related mortality risk as the ratio of mortality (i.e., the relative risk) at the 1st and 10th percentiles of temperature and the heat-related mortality risk as the ratio of mortality at the 99th vs 90th temperature percentiles. The reference percentiles were obtained using the wholeperiod data specific to each city (Web Table 1 , available at http://aje.oxfordjournals.org/) and then used to quantify the risk in all serial subperiods. As a sensitivity analysis, we also applied the reference percentiles specific to each subperiod and each city. Once we obtained serial sequences of cityspecific cold-and heat-related risk estimates, we combined them and obtained country-specific estimates using a Bayesian hierarchical model. Next, we investigated the time-varying cold-and heat-related mortality using the whole-period data simultaneously for each city by advancing model 1 as follows. 15 cities based on the results of the sequential subperiod analysis obtained from model 1. Further, the chosen degrees of freedom were justified by F tests for series of model comparisons. Fitting model 2 separately for cold-and heat-related mortality, we defined the cold-related mortality risk as the relative risk comparing the 1st and 10th percentiles of temperature and the heat-related mortality risk as the relative risk for the 99th versus 90th percentiles. Because of the interaction, the cold-and heatrelated risks were obtained as functions of time (i.e., smooth curves over time), which we called time-varying cold-and heat-related risk. Once we obtained the time-varying cold-and heat-related mortality risk estimates for each city, we combined them to produce city-specific and country-specific estimates by applying a Bayesian hierarchical approach. In this second stage, we again examined whether the time-varying risks were supported against time-constant risks by checking whether the 95% posterior interval excluded 0 for any of the coefficients corresponding to the time-varying cold-and heatrelated risk. More details for the second-stage modeling are found in Web Appendix 1. Model 2 was fitted for all-cause mortality pooling all age groups, for cause-specific mortality pooling all age groups, and for all-cause mortality according to the 3 age groups. Sensitivity analysis was carried out to investigate the appropriate degrees of freedom in the time term in the interaction. All computations were performed using the statistical software R (R Foundation for Statistical Computing, Vienna, Austria). R code and example data are available in the Web Material for reproducing the results for South Korea. Figure 1 shows country-specific estimates for time-varying cold-and heat-related mortality risk. These results show the % change in mortality comparing the 1st and 10th percentiles of the moving 7-day average (lag 0-7) of temperature for the cold-related risk and the 99th and 90th percentiles of the moving 2-day average (lag 0-2) for the heat-related risk, and how these risk estimates change over time. In all 3 countries, coldrelated risk remained roughly constant over the study period, although some decrease was observed for Korea in the mid1990s, and slight increases were observed for Japan and Taiwan in the late 2000s. Decreases were observed in heat-related risk over the most of the study period in all 3 countries. In Japan, heat-related risk dramatically decreased in the 1970s and 1980s, and the decrease slowed down in the mid-1990s through 2000s. Korea showed a rapid decrease in heat-related risk in the 1990s and small fluctuations in the mid-2000s, followed by a strong decrease again in the late 2000s. Taiwan showed a smaller decrease in heat-related risk from the mid1990s through 2000s. City-specific results are displayed in Web Figures 1-3 ; overall similar patterns are observed among cities in each country. Web Figure 4 shows country-specific estimates for timevarying cold-and heat-related mortality risk among different age groups. For cold-related risk, the changing pattern across time is similar among the 3 age groups in all 3 countries, although the risk estimates tended to be slightly higher for older populations. However, the changing pattern of heat-related risk over time substantially differs among the 3 age groups in all 3 countries. In Japan, heat-related risk was much larger for older populations early in the study period and converged to become similar among the 3 age groups in later years. In Korea and Taiwan, findings were similar in that, for older populations, heat-related risk was larger and the decrease in risk across time was larger.
RESULTS
Web Figure 5 shows country-specific estimates for timevarying cold-and heat-related mortality risk for different causes of death. The change in risk over time varies by cause of death for both cold-and heat-related risk in all 3 countries. The increase in cold-related risk in the late 2000s is largest for respiratory deaths and smallest for noncardiorespiratory deaths in Japan and Taiwan. The decrease in heat-related risk in 1970s and 1980s is much more dramatic for respiratory deaths than for CVD or noncardiorespiratory deaths in Japan. In Korea, the decrease in heat-related risk was largest for CVD death and larger for respiratory death than for noncardiorespiratory deaths. In Taiwan, the heat-related risk increased in the 1990s and decreased in the 2000s for CVD and respiratory deaths, while noncardiorespiratory risk decreased throughout the study period. Figure 2 shows the changes in cold-and heat-related mortality risk (% increase in mortality) from the first to the last Heat-related risks in the most recent year were statistically lower than in the first year of the study period for all the cities in Japan and Korea. Because the study period differs among countries, we additionally estimated changes in coldand heat-related risk between 1994 and 2007, which is the largest time interval with data for all 3 countries (Web Figure 6) . Results were generally similar, although attenuated in this shorter time frame.
We conducted a sensitivity analysis to examine whether the nonlinear temporal change in cold/heat-related mortality was favored against linear change or no change. Web Figures 7-9 show time-varying cold-and heat-related mortality risk estimated with varying degrees of freedom for each city in Taiwan, Korea, and Japan. We observed that the fits seem to be improved with degrees of freedom up to 3 (i.e., with nonlinear interaction) but not as much for degrees of freedom greater than 3. This visual observation was also supported by quantitative evidence in model comparisons conducted at the first stage for each city. Web Table 2 reports the P values from the F tests. In modeling cold/heat-related mortality, the nonlinear change was favored against linear change in about half of the cities in all 3 countries. These results justify the specification of the nonlinear interaction between temperature and time in all cities at the first stage for pooling the results in the second stage. In addition, the 95% posterior interval-based testing procedure in the second stage also revealed that the nonlinear change was supported against no change in our study data (Web Table 3 ).
DISCUSSION
The present study found that the temperature-mortality association has changed over the last few decades in 15 major cities in 3 high-income countries in Northeast Asia. Coldrelated mortality remained similar over most of the study periods and increased slightly in the late 2000s. Heat-related mortality has generally decreased over the study periods. The increasing trend in cold-related mortality differed for 3 causes of death, with the sharpest increase in risk for respiratory deaths and little change for noncardiorespiratory deaths. The pattern of decreasing heat-related mortality over time differed by cause of death and age; the largest decrease was for respiratory deaths and the oldest population. These results generally applied to all 3 countries with some variations.
Cold-related mortality did not vary over most of the study period and increased slightly in the late 2000s in Japan and Taiwan. This nondecreasing cold-related mortality was observed both with time-constant percentiles and with time-dependent percentiles used to quantify the cold-related risk (Web Figure 10) . One possible explanation for the nondecreasing cold-related mortality may be physiological or behavioral change in vulnerable populations, perhaps in response to climate change. As shown in Web Figure 11 , temperature generally increased across the study period in all cities. Earlier research shows that people in warmer climates are generally more sensitive to cold weather (1, 3, 4) . Likewise, the general trend of warming weather may result in people becoming more vulnerable to cold temperatures, which could relate to our observed results of a lack of a decrease in the cold-related mortality over time. Some research reported that cold-related mortality may be of less concern in the future as the climate becomes warmer and cold weather becomes less frequent (18) (19) (20) ; however, our findings suggest that as climate warms, people's susceptibility to cold may increase, and cold-related mortality could still be of concern although there may be reduced frequency of cold weather. Because data are not available after 2007 in Taiwan and 2009 in Japan, additional research is needed to fully interpret the temporal trends in the cold-related mortality in these regions.
Our results indicated that heat-related mortality continuously declined over the past several decades in all 3 countries, with different rates of change over time and different patterns among countries. In Japan, the decline in heat-related mortality was more dramatic at earlier years and became slower at later periods, with a turning point in the mid-1990s. In Korea, heat-related mortality has generally declined, with some fluctuations in the mid-2000s. One plausible hypothesis is that this may relate to the country's economic growth pattern. Figure 3 shows that the gross national product growth rate (%) was positive in Japan in the 1970s and 1980s and negative since early 1990s, which is roughly when the heat-related mortality began to decline less rapidly. Similarly, except for the financial crisis in 1997, Korea achieved positive growth rates over most of the study period. Figure 3 also shows that the air-conditioning prevalence rate increases and the heatrelated mortality risk decreases overtime in both countries. Although we find that these socioeconomic factors covary, the temporal trends in the temperature-mortality association are complex and could be driven by many other factors. A complex and quantitative analysis would be required in order to disentangle these intricate systems and identify what contributed to the observed temporal trends.
Within all 3 countries analyzed, the temporal trends in cold-related mortality are similar by age group, although the decreasing pattern in heat-related mortality was sharper in older populations. One possible explanation may be that the baseline health status of older people has improved in recent decades through the benefits of economic growth. Life expectancy has continually increased in recent decades in Japan and Korea (Figure 3) . Our results imply that the contribution by older persons to heat-related mortality in the total population fell and become more similar to that of the general population. Some studies have reported that aging in a society may increase the heat-related mortality burden because older populations are more vulnerable to heat; however, our results do not support this hypothesis for this region. Differential adaptations to heat among age groups were also found in a previous US study (6) .
Our findings have important implications for assessing the health impacts of climate change. First, predictions of future temperature-related mortality depend on various factors (26) (27) (28) , among which the temperature-mortality association and potential temporal changes are critical. Most previous studies on climate and health used estimates from time-constant models, and our results suggest that the time-constant assumption may not be appropriate. Second, recent studies investigating the temporal change with linear change assumed may not have fully captured the temporal patterns. For instance, Gasparrini et al. (7) investigated a linear change in heat-related mortality in multiple cities from different parts of the world, including Korea and Japan. They did not identify a significant attenuation using a model with linear trend in Korea, while we found some significant evidence for a nonlinear temporal change. Third, our results suggest that changes in heat-related health responses over time can differ by age, cause of death, and region.
Several methodological issues should be pointed out regarding our study. First, we used a moving average of daily mean temperature over lags as a temperature metric. Distributed lag nonlinear models (3, 5, 7, 29) may alternatively be used, but the extension to incorporate a nonlinear interaction with time would increase the complexity in estimation. Second, we quantified the cold-and heat-related mortality risk using the 1st versus 10th and 90th versus 99th percentiles of temperature metric, as in many other studies (1, 3, 4) . This may be limited to summarizing the total risk over the whole range of temperature. There exists no universal metric to summarize the cold-and heat-related risk in nonlinear modeling. Various studies use different measures; the overall results are generally consistent among different risk quantifications (3) . Third, it should be cautioned that nonlinear models may characterize random fluctuations as true changes because of their flexibility. For example, the time-varying heat-related mortality risk in Taiwan and Korea was estimated as nonlinear curves with fluctuations. Although supported by statistical tests, these curves are hard to interpret and may include random noise which may be misidentified as actual changes. As nonlinear modeling becomes more popular in this field, further research is merited into statistical methods for distinguishing true nonlinearity from random fluctuation.
Finally, we acknowledge several limitations in our study. One is that study periods differ among countries because of data availability. Second, limited data are available for potential risk factors that could explain the temporal change in temperature-related mortality. Using country-specific data for some socioeconomic variables (as presented in Figure 3 ), we observed that these variables tend to covary with the temporal trend over time in heat-related mortality. However, future studies could conduct more in-depth analysis regarding the numerous complex factors that could contribute to temporal change in heat-or cold-related mortality and how they differ by population and location. Without knowing the driving factors for the temporal change, future prediction for the health effects of climate change will still be limited. In addition, the categorization of causes of mortality and age groups is broad, and future studies could apply more refined categories of population susceptible to extreme temperature.
In conclusion, we examined nonlinearly time-varying mortality associated with extreme temperature (both cold and hot) for 15 cities in 3 high-income countries in Northeast Asia. We proposed a flexible analytical framework to capture the nonlinear time-varying trend smoothly. The cold-related mortality remained relatively constant over the decades and increased slightly in late 2000s, particularly for cardiorespiratory deaths. Heat-related mortality has continuously and nonlinearly decreased over the last decades, with more dramatic decreases estimated at earlier years, for older populations, and for cardiorespiratory deaths. These findings have important implications for the assessment of health consequences of climate change and indicate that such assessment should account for the nonlinear change over time in temperature-mortality association, the nondecreasing cold-related mortality, and variations in the temporal change among cause of deaths, age, and region.
